High-efficiency quantum interrogation measurements via the quantum Zeno effect 
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The phenomenon of quantum interrogation allows one to 
optically detect the presence of an absorbing object, without 
the measuring light interacting with it. In an application of 
the quantum Zeno effect, the object inhibits the otherwise co- 
herent evolution of the light, such that the probability that 
an interrogating photon is absorbed can in principle be arbi- 
trarily small. We have implemented this technique, demon- 
strating efficiencies exceeding the 50% theoretical-maximum 
of the original "interaction-free" measurement proposal. We 
have also predicted and experimentally verified a previously 
unsuspected dependence on loss; efficiencies of up to 73% 
were observed and the feasibility of efficiencies up to 85% 
was demonstrated. 

PACS numbers: 03.65.Bz,03.65.-a,42.50.-p,42.25.Hz 

"Negative result" measurements were discussed by 
Renninger [j] and later by Dicke j|, who analyzed the 
change in an atom's wavefunction by the nonscattering 
of a photon from it. In 1993 Elitzur and Vaidman (EV) 
showed that the wave-particle duality of light could allow 
"interaction-free" quantum interrogation of classical ob- 
jects, in which the presence of a non-transmitting object 
is ascertained seemingly without interacting with it ||, 
i.e., with no photon absorbed or scattered by the object. 
In the basic EV technique, an interferometer is aligned to 
give complete destructive interference in one output port 
- the "dark" output - in the absence of an object. The 
presence of an opaque object in one arm of the interfer- 
ometer eliminates the possibility of interference so that a 
photon may now be detected in this output. If the object 
is completely non-transmitting, any photon detected in 
the dark output port must have come from the path not 
containing the object. Hence, the measurements were 
deemed "interaction-free", though we stress that this 
term is sensible only for objects that completely block 
the beam. For measurements on partially-transmitting 
(and quantum) objects, we suggest the more general ter- 
minology "quantum interrogation" . In any event there 
is necessarily a coupling between light and object (for- 
mally describable by some interaction Hamiltonian) - 
somewhat paradoxically, in the high-efficiency schemes 
discussed below, it is crucial that the possibility of an in- 
teraction exist, in order to reduce the probability that 
such an interaction actually occurs. 

The EV gedanken experiment has been realized using 
true single-photon states || and with a classical light 
beam attenuated to the single-photon level as well 
as in neutron interferometry ra. This methodology has 



even been employed to investigate the possibility of per- 
forming "absorption-free" imaging §. The EV technique 
suffers two serious drawbacks, however. First, the mea- 
surement result is ambiguous at least half of the time - 
a photon may be detected in the non-dark output port 
whether or not there is an object. Second, at most half 
of the measurements are interaction-free (4|j^]. Follow- 
ing Elitzur and Vaidman (^], we define a figure of merit 
Tj = P(QI)/[P(QI) + P(abs)] to characterize the "effi- 
ciency" of a given scheme, where P(QI) is the proba- 
bility that the photon is detected in the otherwise dark 
port, and P(abs) is the probability that the object ab- 
sorbs or scatters the photon. Physically, ry is the frac- 
tion of measurements that are "interaction-free" . The 
maximum achievable efficiency, obtained by adjusting the 
reflectivities of the EV interferometer beamsplitters, is 
r? = 5O%|g0. 

It was proposed that one could circumvent these limi- 
tations by using a hybrid scheme Q , combining the inter- 
fcrometric ideas of EV and incorporating an optical ver- 
sion of the quantum Zeno effect ||, in which a weak, re- 
peated measurement inhibits the otherwise coherent evo- 
lution of the interrogating photon. Our specific embodi- 
ment of the Zeno effect is based on an inhibited polariza- 
tion rotation j^], although the only generic requirement 
is a weakly-coupled multi-level system. A photon with 
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FIG. 1. Simple schematic of a hybrid scheme to allow 
high-efficiency quantum interrogation of the presence of an 
opaque object. With no object, the initial horizontal polar- 
ization of the interrogating photon is rotated stepwise to ver- 
tical. The presence of an object in the V-arm inhibits this 
evolution via the optical quantum Zeno effect || , so that the 
final polarization after N cycles unambiguously indicates the 
presence or absence of the object: V polarization — » "no ob- 
ject" ; H polarization — > "object" . 
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horizontal (H) polarization is directed through a series of 
iV polarization rotators (e.g., optically active elements), 
each of which rotates the polarization by A9 = ir/2N. 
The net effect of the entire stepwise quantum evolution 
is to rotate the photon's polarization to vertical (V). 
We may inhibit this evolution if at each stage we make 
a measurement of the polarization in the H/V basis, 
e.g., by inserting a horizontal polarizer after each rota- 
tor. Since the probability of being transmitted through 
each polarizer is just cos 2 A9, the probability P(QI) 
of being transmitted through all N of them is simply 
cos 2Ar (A6>) wl - tt 2 /AN, and the complementary proba- 
bility of absorption is P(abs) w it 2 /AN . Thus, increasing 
the number of cycles leads to an arbitrarily small proba- 
bility that the photon is ever absorbed. 

Obviously the Zeno phenomenon as described is of lim- 
ited use, because it requires polarizing objects. Figure 1 
shows the basic concept to allow quantum interrogation 
of any non-transmitting object. A single photon is made 
to circulate N times through the setup, before it is some- 
how removed and its polarization analyzed. As in the ex- 
ample above, the photon, initially H-polarized, is rotated 
by A9 = ir/2N on each cycle, so that after N cycles the 
photon is found to have V polarization. This rotation is 
unaffected by the polarization-interferometer (consisting 
of two polarizing beam splitters, which ideally transmit 
all H-polarized and reflect all V-polarized light; and two 
identical- length arms), which simply separates the light 
into its H and V components and adds them back with 
the same relative phase. If there is an object in the verti- 
cal arm of the interferometer, however, only the H com- 
ponent of the light is passed; i.e., each non-absorption by 
the object [with probability cos 2 A9] projects the wave- 
function back into its initial state. Hence, after N cy- 
cles, either the photon will still have H polarization 
[with probability P(QI)], unambiguously indicating the 
presence of the object, or the object will have absorbed 
the photon [probability P(abs)]. By going to higher N, 
P(abs) can in principle be made arbitrarily small. In the 
absence of any losses or other non-idealities, n =P(QI), 
so that 77 — ► 1 as N — > 00. 

Demonstrating this phenomenon in an actual exper- 
iment required several modifications (see Fig. 2). A 
horizontally-polarized laser pulse was coupled into the 
system by a highly reflective mirror. The light was at- 
tenuated so that the average photon number per pulse 
after the mirror was between 0.1 and 0.3. The photon 
then bounced between this recycling mirror and one of 
the mirrors making up a polarization Michclson inter- 
ferometer. At each cycle a waveplatc rotated the polar- 
ization by A9. After the desired number of cycles N, 
the photon was switched out of the system by applying a 
high- voltage pulse to a Pockels cell in each interferometer 
arm, thereby rotating the polarization of the photon by 
90°, so that it exited via the other port of the polarizing 
beam splitter. The exiting photon was then analyzed by 
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FIG. 2. Experimental system to 

demonstrate high-efficiency quantum interrogation. Photons 
from a pulsed laser at 670nm are coupled into the recycling 
system via a high-reflectivity recycling mirror (initially flat, 
later curved; see Fig. 3). A double pass through the quar- 
ter waveplate (QWP) served to rotate the polarization by a 
fixed amount each cycle; an extra waveplate (QWPx) in the 
entrance beam was used to compensate for the initial pass. 
On each cycle the photon passed through a polarization in- 
terferometer (with a polarizing beamsplitter [PBS]); to fine 
tune the interferometer phase, one mirror was mounted on a 
piezoelectric "bimorph". The Pockels cells (P) were used to 
switch the photons out after a desired number of cycles - a 
~ 3 kV pulse was applied, which after the double pass rotated 
the polarization of the photon by 90°, so that it exited via 
the other port of the PBS. The exiting photon was then ana- 
lyzed by the adjustable polarizer and single-photon detector 
(EG&G #SPCM-AQ-141, preceded by an interference filter 
[lOnm FWHM, centered at 670nm] to reduce background). 
The final polarization of the detected photon indicates the 
presence (V-polarized) or absence (H-polarized) of an object 
in the reflected arm of the interferometer. (Not shown: active 
feedback Helium Neon laser which ran below the plane of the 
670nm light, to stabilize the interferometer.) 

an adjustable polarizer and single-photon detector. With 
no object, the polarization was found to be essentially 
horizontal, indicating that the stepwise rotation of polar- 
ization had taken place (remember, the final polarization 
is 90° rotated by the Pockels cell). With the object in 
the vertical-polarization arm of the interferometer, this 
evolution was inhibited, and a photon exiting the system 
was vertically-polarized, an interaction-free measurement 
of the presence of the object flo|| . 

A number of intermediate configurations were inves- 
tigated before arriving at the arrangement described 
above [TT|| . With these the feasibility of quantum inter- 
rogation with rj up to 85% was inferred (for a hypotheti- 
cally lossless system) - there was no way to directly mea- 
sure the amount of light absorbed by the object. In the 
present experiment, we made a direct measurement of the 
probability that a photon took the object path, by ap- 
plying a constant voltage to the Pockels cell in that path, 
thereby directing these photons to the single-photon de- 
tector at each cycle. With the DC voltage applied, pho- 
tons exiting with H polarization correspond to P(abs), 
while those with V polarization (which exit only after N 
cycles) correspond to P(QI). (We verified that the 
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FIG. 3. Efficiency versus number of cycles N for several 
system configurations. The curves are theoretical predic- 
tions, based on the measured losses for each configuration. 
The triangles and the dot-dashed curve correspond to a lossy 
non-switching system in which the photons experienced 8% 
loss/cycle due to the input coupler, and leaked out through 
a flat 88%-reflective output coupler; the squares and dotted 
curve correspond to the system in Fig. 2, with a somewhat 
lossy Pockels cell in the no-object arm (T = 95.1%), and a flat 
recycling mirror (R = 96.2%); the diamonds and the dashed 
curve correspond to a better Pockels cell (T = 97.7%), and 
a curved recycling mirror (R = 97.4%); and the circle cor- 
responds to a higher reflectivity (R — 99.4%) curved mirror. 
The solid curve is the prediction for a lossless system. Several 
representative measurements of the "noise" in our quantum 
interrogation process are also shown (crosses). 

rates corresponding to P(QI) were similar whether using 
the DC-biased Pockels cell as the object, or physically 
blocking that arm of the interferometer.) Rather unex- 
pectedly, the efficiencies determined in this fashion were 
significantly lower than both the theoretical predictions 
and the previous inferred measurements, which agreed 
well with each other. The reason is that the effects of 
loss in the system were normalized out in the previous 
measurements |X3j] - 

That loss should reduce the actual efficiencies was 
somewhat surprising, since losing a photon from the sys- 
tem seems equivalent to never sending it in initially. This 
line of reasoning is faulty: A photon contributing to 
P(QI) must necessarily remain in the system for all N 
cycles, thus sampling any loss N times; in contrast, a 
photon contributing to P(abs) could be absorbed on any 
cycle, hence remains in the system on average less than 
N cycles, and sees less loss than a photon contributing 
to P(QI). The net effect is that, whereas r\ — > 1 for a 
large number of lossless cycles, in the presence of loss 
77 reaches a maximum value less than one before falling 
again toward zero p2| . This places a strong constraint 
on the achievable efficiencies in any real system. 

Figure 3 shows the experimental verification of this 
phenomenon, as well as the modified theoretical predic- 
tions, which are in good agreement. Despite the efficiency 
reduction due to loss, we were able to observe 77's of up to 
74.4 ± 1.2%. Also shown in Fig. 3 are several representa- 
tive measurements of the "noise" of our quantum interro- 
gation system, from events in which an object was indi- 



cated (i.e., photons were detected with vertical polariza- 
tion) even though none was actually present. The main 
causes were imperfections of the optical elements, and 
interferometer instability, despite active stabilization. 

Because the same photon detector was used to deter- 
mine both P(QI) and P(abs) in our measurements, the 
detector efficiency factors out of the calculation for 77. 
When our highest-observed value of 77 is corrected for our 
finite detection efficiencies |0|, we arrive at an adjusted 
77 of 53.1 ± 1.6%, where we have included the effects of 
both the detector efficiency (65%) and the 10-nm filter 
(60% transmission) used to reduce background. Because 
this value of 77 is only marginally above the 50% threshold 
of the original EV scheme, we also took one set of data 
in which the 10-nm filter was removed. Our measured 77 
was 72.3 ±1.1%, implying a raw efficiency of 62.9 ±1.3%; 
that is, in measurements with the opaque object, ^2/3 
of the photons performed an "interaction- free" measure- 
ment, and ~ 1/3 did not p0| ; in other words, the object's 
presence can be unambiguously determined while absorb- 
ing only "1/3 of a photon". This is, to our knowledge, 
one of the first practical utilizations of the quantum Zeno 
effect. 

A wholly different method of quantum interrogation, 
relying on disrupting the resonance condition of a high- 
finesse cavity (and hence called "resonance interaction- 
free measurement" ) , has been proposed Q and recently 
demonstrated with efficiencies similar to those re- 
ported here. If the cavity mirrors both have reflectivity 
R, a narrow bandwidth photon incident on the empty 
cavity can have a near-unity probability of transmission, 
i.e., a detector observing the reflection from the entrance 
mirror to the cavity will never fire, in principle. An ob- 
ject in the cavity will naturally prevent the resonance 
condition (this can be thought of as an impedance mis- 
match), so the detector in the reflected mode will detect 
the photon with probability P(QI) = R, while the object 
will have a probability 1-R of absorbing the photon. The 
efficiency of this scheme (R, in the ideal case) can thus 
exceed the EV 50% threshold, like the method based on 
the Zeno effect. However, the two techniques have very 
different characteristics. For example, while the Zeno 
technique employs broadband photon wavepackets, the 
resonance methods necessarily require a very narrow fre- 
quency spectrum for the interrogating photons. Because 
of the pulsed nature of the Zeno effect, the duration of 
the experiment is precisely fixed (to N cycles); the du- 
ration of the measurement with the cavity is less well 
defined, determined by the ring-down time of the cavity. 
Conversely, it is relatively easy to allow photons to leak 
out of a cavity, whereas actively switching them as in 
our scheme is experimentally more challenging. Finally, 
as presented here, both techniques require interferomet- 
ric stability; however, this is not strictly necessary for 
the Zeno method if one has a polarizing object, e.g., a 
polarization-selective atomic transition. 
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Achieving higher efficiencies with these techniques will 
require increasing the working number of cycles N. How- 
ever, the performance of the system becomes increasingly 
more sensitive to optical imperfections and to interferom- 
eter instability. The effect of loss is also multiplied. We 
believe that with sufficient engineering these problems 
could be reduced, allowing operation at up to 0(100) 
cycles or higher, giving efficiencies > 93% Q. Finally, 
crosstalk in the polarizing beamsplitter (i.e., not all hori- 
zontal polarized light is transmitted, and not all vertical 
polarized light is reflected, about ~ 1% in our present 
system) must be kept to a minimum. In particular, we 
observed spurious interference effects when the reflec- 
tion probability [sin 2 (7r/2iV)] becomes comparable to the 
crosstalk. Use of birefringent material polarizers, whose 
crosstalk figures are ~ 10 -5 , may mitigate this problem. 

If the efficiencies can be improved as discussed above, 
one can envision using the methods to examine quantum 
mechanical objects, such as an atom or ion, one of whose 
states couples to the interrogating light ("object"), and 
another of whose states does not couple ("no object"). 
In the simplest situation we can determine which state 
the system is in with a greatly reduced probability of 
exciting it out of that state. Such a process might be 
called "absorption-free spectroscopy" , and could be use- 
ful for studying photosensitive systems. More interest- 
ingly, when the quantum system is in a superposition 
of the two states, the light becomes entangled with the 
quantum system PJl7|-pj[. Such an effect may have use 
as a quantum "wire", e.g., as an interface for connect- 
ing together two quantum computers p0[ |. Finally, in 
the limit as rj — > 1, these techniques of quantum in- 
terrogation will function even if there are several pho- 
tons (or an average of several photons, as in a weak 
coherent state). It should then be possible to produce 
Schrodinger-cat like states a\VVV . . .} + (3\HHH . . .), 
where |WV...) (\HHH ...)) represents several pho- 
tons with vertical (horizontal) polarization |]l7| . Such 
states would have great interest for studying the classical- 
quantum boundary, and the phenomenon of decoherence. 
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